Objectives: This 10-year prospective study aimed to measure and evaluate the teeth position and occlusion following 10-year nocturnal use of a mandibular protruding device (MPD) in subjects with obstructive sleep apnoea (OSA) or snoring. Materials and methods: Seventy-seven consecutive patients diagnosed with OSA/snoring were treated with an MPD. Fabrication of dental casts with jaw registration indexes in the intercuspal position was carried out at baseline and at follow-up, a construction bite was made, and an MPD was fitted. At the 10-year follow-up, all subjects (n = 74) were invited to participate. The dental casts were analysed in a series of measurements. Results: Sixty subjects were included in the follow-up examination-41 were still using the device and 19 had ceased using the MPD. The MPD users showed significant changes in all analysed variables-decrease of overjet (−1.8 mm), overbite (−1.5 mm)-except the mandibular intercanine width and the maxillary anteroposterior relationship. Subjects who had ceased using their MPD retained their initial values, with the exception of a decreased overbite. The MPD users also showed an increased number of subjects with mesio-occlusion and posterior infra-occlusion; those who had ceased using their MPD mostly retained their initial status. Conclusions: Long-term nocturnal use of an MPD may cause both favourable and unfavourable occlusion changes, such as a decrease of the overjet and overbite or posterior infra-occlusion, and these changes may continue to develop during treatment with an MPD. Subjects with a Class III relationship may not be a suitable group for treatment with an MPD due to the mesial drift of the mandibular teeth.
Introduction
Snoring is caused by the vibration of collapsed soft pharyngeal tissues during sleep. The negative air pressure that arises in the oral pharynx at inspiration causes a posterior move of the tongue.
A mandibular protruding device (MPD) is a functional splint forcing the mandible forward, preventing the tongue from falling back and thus avoiding obstruction of the airway. The MPD is then expected to reduce snoring and apnoeas and maintain good oxygen saturation during sleep. The American College of Physicians (ACP) recommends subjects with OSA concomitant with overweight and obesity to be encouraged first to lose weight and then to be treated with continuous positive airway pressure (CPAP) therapy. ACP recommends the MPD as an alternative therapy for those who prefer mandibular advancement devices (MADs) or for those who suffer adverse effects with CPAP (4). The European Respiratory Society task force on non-CPAP therapies also concludes that evidence supports the use of MADs in mild-to-moderate OSA (5) .
Many subjects experience transient irregularities in dental occlusion after removing the appliance in the morning. This sensation usually fades quickly and breakfast can be eaten without discomfort. However, long-term use of an MPD may cause changes in tooth position, a well-known phenomenon that the subject may or may not be aware of (6, 7) . The most common side-effects on the teeth after using an MPD are proclination of the lower incisors and retroclination of the upper incisors (6) (7) (8) (9) (10) (11) (12) . Although the incisors are retained in the device, changes in tooth position and occlusion may appear when the device is used for a longer period. This is probably due to the stretching of the soft tissues and muscles being transferred to the dentition (6, 7, 9, 10, (12) (13) (14) , the same effect seen in orthodontic treatment with functional appliances (activators). In adults with a normal sagittal relationship who suffer from OSA/snoring, these occlusal changes are undesirable. Subjects with a large overjet in Angle Class II:1 may, however, benefit from a decreased overjet as a side-effect (7, 8) .
There are studies describing the development of infra-occlusion in MPD users (8, 15, 16) . It is reported that devices made of hard acrylic subject the jaws to greater forces and consequently increase the risk of malocclusion, compared with devices made of elastic material (9) . It is also indicated that a more advanced protrusion of the mandible increases the risk of development of malocclusion (9, 16) . However, from experience, short-term MPD-initiated changes of position are minor, and changes resulting from long-term use are scarce.
The aim of this prospective study was to measure and evaluate tooth position and occlusion using dental casts following 10-year nocturnal use of an MPD in subjects with OSA or snoring.
Materials and methods

Design
This is a prospective observational study on a consecutive series of adult subjects with OSA or snoring problems referred from the Örebro University Hospital to the Department of Stomatognathic Physiology, Örebro, Sweden, for treatment. Following baseline registrations, treatment with an MPD commenced. Over a 10-year period, all subjects still using their MPD were checked every second year to monitor and track the effects of the treatment, and the 2-year data have been presented elsewhere (10) . At the biennial follow-up, the device was adjusted, if needed. At the 10-year clinical followup, all baseline patients were recalled (n = 74), including those who had stopped using their MPD (Figure 1 ). The same person (AF) carried out the clinical examinations and made alginate impressions of the jaws. Dental casts were prepared and merged with the aid of an index obtained at the intercuspal position (IP).
Ethics
All subjects were informed both verbally and in writing about the purpose of the study and signed an informed consent form. The baseline study was approved by the Medical Ethics Committee at Örebro Medical Centre Hospital, Örebro, Sweden. A second informed consent form was signed at the 10-year follow-up, following approval by The Regional Ethics Review Board in Uppsala, Sweden.
Subjects
During the inclusion period, 90 subjects were referred to the Department of Stomatognathic Physiology, Postgraduate Dental Education Center, Örebro, Sweden. The baseline sample comprised 63 males and 14 females since 13 subjects were excluded (Figure 1 ).
At baseline, the inclusion criteria were diagnosed OSA/snoring problems, sufficient number of teeth to retain an MPD, good dental health, and maximal protrusion ability of not less than 6 mm as measured using a George Gauge® (17) . The inclusion criteria at the 10-year follow-up were a signed informed consent and dental casts available from both baseline and the 10-year follow-up and that the casts were of sufficient quality to allow the measurements as described below.
The 10-year follow-up comprised 60 participants, of which 41 still used their MPD (referred to as MPD users) and 19 who had ceased using their MPD (referred to as MPD-ceased subjects, considered as a reference group). The flow of participants through each stage in the study is illustrated in Figure 1 .
The MPD
The MPD was a removable monobloc appliance made of heat-cured methyl methacrylate resin (Microdent®, Forshaga, Sweden). A construction bite was made using the George Gauge®, creating an MPD that positioned the mandible forward about 75 per cent of the maximum range of protrusion and with at least 5 mm of protrusion. Later adjustments were made, if needed. Four Adams clasps fixed the MPD to the dentition. The appliance covered all occlusal surfaces as well as the incisor edges of the upper and lower jaws. A frontal open space between the upper and lower incisor portions of the MPD enabled mouth breathing (Figure 2 ). A questionnaire was used to track the participants' adherence to the MPD treatment, prompting them to choose from the following response alternatives: seldom/never, once or twice a month, once a week, several times/week, or every night.
Dental cast analysis
The dental casts were analysed in a series of measurements as described below. All measurements and analysis were performed by the same person (AK), using digital callipers to measure distances and lengths to the nearest 0.1 mm.
Angle classification/anteroposterior relationship
The Angle classification was used to describe measurements in the sagittal plane with casts fitted together in the IP. The anteroposterior relationship was established from the relation of the first maxillary and first mandibular molars and the canines, bilaterally.
Overjet and overbite
The overjet was determined as the distance between the most prominent point of the right maxillary central incisor and the buccal surface of the right mandibular central incisor.
The overbite was measured as the distance in millimetre between the edge of the right mandibular and maxillary central incisors.
Measurements of the study casts
The depth of the dental arch and transversal plane were measured as shown in Figures 3 and 4 (18) . The circumference of the dental arch was measured as shown in Figure 5 .
Infra-occlusion was estimated visually on the casts, recorded as a yes/no alternative and was concluded when at least one pair of teeth failed to occlude.
Test-retest reliability
In order to evaluate systematic measurement errors, 19 randomly chosen dental casts were analysed twice by the same person (AK) at an interval of 2 months, using the same instruments. The assessments included all the measurements on the casts as described above.
Test-retest reliability was calculated using the intraclass correlation coefficient (ICC) using the SPSS statistical package version 21 (SPSS Inc., Chicago, Illinois, USA). Point estimates of the intraclass correlation were reported with 95 per cent confidence intervals (95% CIs).
Statistics
No power calculations were made due to the structure of the study, and the size of the sample was chosen to describe effectiveness following long-term use of an MPD.
Descriptive statistics were used to delineate baseline subject characteristics. Changes from baseline to the 10-year follow-up were analysed using a paired Student's t-test for continuous data and P < 0.05 was considered significant.
Results
Subjects
Sixty complete sets of dental casts were available for complete analysis, comprising 41 MPD users and 19 MPD-ceased subjects, of which 13 were females (10 MPD users and 3 MPD-ceased subjects) and 47 were males (31 MPD users and 16 MPD-ceased subjects).
The baseline polygraphy and respiratory diagnoses, as well as the 10-year follow-up, are published elsewhere (19) .
According to the self-report, 37 subjects used the MPD every night and 4 used it several times a week. 
Test-retest reliability
Intra-examiner reliability in measuring the dental casts' overjet, overbite and upper and lower canine width confirmed a high and significant agreement, with ICC values ranging from 0.94 to 0.99. Note that an ICC > 0.75 indicates excellent reliability (15, 16) .
Angle classification/anteropsterior relationship
The molars' anteroposterior relationships are not reported due to missing molars in 13 MPD users and 7 MPD-ceased subjects; instead, the focus was on the relation of the canines. One patient could not be analysed for the canine relation.
An apparent mesial shift of the mandibular teeth was seen in the MPD users group, whereas the baseline relations were stable in the MPD-ceased group (Table 1 and Figure 6 ).
Overjet and overbite
A significant decrease of the overjet was the most notable alteration in the dentition among the MPD users, with a mean change of −1.8 mm (95% CI −2.5 to −1.2, P < 0.001). This was in contrast to the MPD-ceased group, who had a small non-significant decrease of the overjet, −0.3 mm (95% CI −0.6 to 0.1, ns).
A decrease of the overbite was significant in both groups but considerably greater in MPD users, who had a mean difference of −1.5 mm (95% CI −1.9 to −1.0, P < 0.001) compared with a mean difference of −0.6 mm (95%CI −0.9 to −0.2, P < 0.01) for MPD-ceased subjects.
Infra-occlusion
At baseline, no bilateral posterior infra-occlusion was seen in any subject. At the 10-year examination, however, 13 subjects (33 per cent) among the MPD users had developed this malocclusion, though it was not present in any of the subjects in the MPD-ceased group. Unilateral and bilateral changes are shown in Table 2 .
Transversal plane
Among MPD users, the mean change of both maxillary and mandibular intercanine width significantly decreased. In the group of MPDceased subjects, changes of intercanine width were non-significant in both jaws (Tables 3 and 4) .
The change of the maxillary as well as the mandibular intermolar width (central fossae) among MPD users was non-significant. In contrast, the MPD-ceased group showed a significant increase of +0.8 mm in the mandibular intermolar width (central fossae; P < 0.01), whereas the maxillary width decreased by a mean of −0.4 mm (ns) ( Tables 3 and 4) .
Dental arch circumference
The circumference of the maxillary and mandibular dental arches remained constant over the 10-year period for both the MPD users and MPD-ceased subjects at the two measured levels, except for the circumference of the maxillary dental arches of MPD users at the level of the contact point (Tables 3 and 4) .
Depth of the dental arch
The changes in the depth of the maxilla among both the MPD users and MPD-ceased subjects were small and non-significant (Tables 3 and 4) .
Discussion
This prospective 10-year follow-up study on dental casts focused on the dentition and the maxillary-mandibular relation following 10 years of treatment with an MPD in subjects with OSA and/or Figure 5 . The circumference of the dental arch was measured by bending a coaxial wire over the buccal surface of the teeth between the mesial surfaces of the first molars, both at the level of the contact point of the teeth and at the gingival margin. Table 1 . The number of subjects and their Angle class relation at the canines at baseline and at 10 years, divided into MPD users (n = 40) and MPD-ceased subjects (n = 19). MPD = mandibular protruding device. snoring problems. One limitation of this study was the number of dropouts, although we were able to include the MPD ceased-subjects at the 10-year follow-up as a useful reference group. Another limitation was tracking the adherence to treatment, which was carried out only through the subjects' self-reporting. Today, compliance monitoring equipment is available and would be preferable to selfreporting; nevertheless it is also known that the agreement between objective and subjective compliance data is high (20) . Ninety per cent of the subjects with OSA used their MPD every night according to the self-reporting in our study. We thus concluded that compliance was good, but the drawback was the lack of information on how many hours the appliance was used every night.
The main findings of the present study were a significant decrease of the overjet (mean −1.8 mm) and the overbite (mean −1.5 mm) together with a trend indicating an increased number of subjects establishing mesio-occlusion as well as posterior infra-occlusion.
The MPD used in the present study had a full occlusal coverage of all the teeth, with the purpose of avoiding occlusal changes while delivering the full beneficial effect on the breathing. However, occlusal changes frequently occurred, despite the intention of retaining the teeth within the appliance. One of the first to document this phenomenon was Pantin et al. (12) , whose study examined patients treated with oral devices for 5 years. He concluded that the changes increased with the length of treatment up to 2 years, findings confirmed by Doff et al. (21) . In a 4-year study, Wang et al. (22) observed significant changes in the incisor angulation, overjet, overbite, mandibular plane angle, anterior lower face height and anterior face height. These observations are in accordance with a 11-year followup study that reported decreased crowding and an increased number of teeth with loss of occlusal contact (23) . This adverse effect was not seen in the 2-year follow-up of the subjects who had ceased using their appliance (16) .
It is important to distinguish between the adverse effects caused by oral appliances and normal changes in the skeleton during adult life. Dager et al. (24) , Pancherz et al. (25) , and Tsiopas et al. (26) all concluded that dental arches continue to change in adults. Thus, under a longer observation period of both treated and untreated adults, normal continuous change of the facial skeleton must be taken into account.
An MPD is similar to the removable functional appliances used for growth modification in adolescents. Such appliances stimulate skeletal and dentoalveolar changes in still growing young subjects, such as proclination of the lower incisors and retroclination of the upper incisors. Rose et al. (6) and Ghazal et al. (7) described the forces that cause proclination of the incisors in the mandible and retroclination of the incisors in the maxilla. They also suggested that an MPD affects only the anterior parts of the dental arches and found a decrease in the overbite but found no significant changes in the overjet. Table 2 . Frequency of the posterior infra-occlusion identified on dental casts in MPD users and MPD-ceased subjects at baseline and at the 10-year follow-up. MPD = mandibular protruding device.
MPD users (n = 40)
MPD-ceased subjects (n = 19) Baseline 10-year follow-up Baseline 10-year follow-up
Unilateral posterior infra-occlusion
Bilateral posterior infra-occlusion 0 (0) 13 (33) 0 (0) 0 (0) Table 3 . The difference from baseline to the 10-year follow-up of the linear maxillary measurements (mm) on dental casts from MPD users and MPD-ceased subjects. MPD = mandibular protruding device. In our study, the number of subjects with normal and distal molar relationships decreased in the MPD users group in favour of mesial occlusion, indicating that the MPD intensifies the natural mesial movement of the mandibular teeth. Similar changes were also found in the mandibular, but not maxillary, canines. This observation is in agreement with the findings of Chen et al. (8) . A mesial shift was noticed in the present study among a few individuals in the MPDceased group. This might represent mesial drift of the mandibular teeth as a natural ageing process. Fritsch et al. (10) and Bondemark and Lindman (14) noticed the same tendency after long-term wear of similar appliances.
MPD users MPD-ceased subjects
Infra-occlusion on the casts in our study was registered in about every second subject after 10 years' use of an MPD, which was a substantial increase from the baseline. The infra-occlusion was both bilateral and unilateral, and it is evident that the results of longterm wear of an MPD also include changes in the vertical dimension, a finding that is supported by earlier studies (6, 8, 9, 11, 15, 16) . Similar to the present study, Chen et al. (13) and Rose et al. (6) found the greatest changes in the anterior parts of the jaw, i.e. a decrease in both the overjet and overbite, caused by a retroclination of the upper incisors and proclination of the lower front teeth. It is notable, however, that the literature does not consistently support these findings. Hammond et al. (27) and Ringqvist et al. (28) both reported non-significant changes to the overjet and overbite following 2 to 4 years' use of similar appliances. There is also some evidence that occlusal changes reverse after a 2-year period (29) . The change in the frontal relation is likely to be the cause of the infra-occlusion/posterior open bite, which, according to a study by Perez et al., appears in 18 per cent of subjects using an appliance in a mean of 413 days (30) . The divergent information on the occlusal changes may be affected by variations in follow-up timelines, type of construction of the device, method of recording occlusal changes, and, most importantly, the increase of dropouts over time.
We found that intercanine width decreased significantly in both the maxilla and the mandible. This is likely due to a mesial drift of the dentition, a clear feature in the MPD-treated group but far less evident in the subjects who had ceased using their MPD. Dager et al. (24) also observed a constant, physiological decrease in the intercanine distance from adolescence to the seventh decade of life. He also found that such occlusal changes were smaller in females.
In the present study, the circumference of the dental arch remained constant in both groups, except for a small reduction seen in the maxillae of MPD users at the contact point. This is in agreement with the observations by Bondemark and Lindman (14) and Marklund et al. (9) , but in contrast to Almeida et al. (11) , who reported an increase in arch length in both the mandible and the maxilla. Different measurement methods and designs of MPD and the fact that our study ran for a longer period may explain the diverging results.
Almost all individuals in the MPD users group developed occlusal side-effects after long-term use of the device. However, these occlusal changes were very small and in most cases negligible. Most subjects are not aware of such occlusal changes (8-10, 12, 16 ) and usually there is no need for intervention. However, it is important to inform the subjects about the risk of development of occlusal changes.
Conclusion
Long-term use of an MPD may affect occlusion, with the greatest changes appearing in the front area, with reduced overjet and overbite. This can then facilitate the development of posterior infra-occlusion, which may continue during treatment with an MPD. Subjects with a Class III relationship may not be a suitable group for treatment with an MPD due to the mesial drift of the mandibular teeth.
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